Compact arc-shaped conformal dielectric resonator antennas (DRAs) loaded by metal plates and high-dielectric-constant (HiK) patches are investigated. Their miniaturizing principles are analyzed from different aspects. Closed-form expressions are derived to characterize the function of the conformal ground in size reduction. Difference between the conventional flat ground and conformal one is discussed. As to lateral metal loading, its influence on radiation patterns are utilized to acquire additional function. Next, to replace the metallic structure, HiK patches are used as perfect electric conductor (PEC) walls. Their working mechanisms are analyzed through the electromagnetic theory in layered media, and waveguidebased simulation methods. As validation, a dielectric-loaded arc DRA is proposed. By working like a PEC, the thin dielectric patch reduces the DRA size to one half. Similar characteristics are observed between the dielectric-and metal-loaded antennas. Finally, a bare DRA and a miniaturized one are fabricated and measured. This research expands the miniaturizing theory of conformal arc DRAs.
I. INTRODUCTION
Dielectric resonator antennas (DRAs) are famous for having diverse three-dimensional (3D) shapes, each of which has a variety of resonant modes. The resonant frequency, quality factor, internal field distribution, and radiation characteristic of these intrinsic modes are determined by the physical structure of the dielectric block [1] , [2] . Therefore, DRAs enjoy high design freedom and various antenna performance [1] - [4] . Among these resonant modes, the one with the lowest resonant frequency is known as the fundamental mode. Hence, though having multiple resonance, DRAs working at certain frequency still have physical limitations in their dimension and material [5] .
Miniaturization has long been considered as the main advantage of high-dielectric-constant (HiK) dielectric antennas over traditional metal ones [5] . Water antennas achieve extremely small size for wireless systems operating below 1 GHz [6] , [7] . HiK ceramic DRAs and dielectric filters are welcomed in compact portable communication The associate editor coordinating the review of this manuscript and approving it for publication was Lin Peng . devices [8] , [9] . In order to further reduce antenna size, metal plates are utilized on the basis of the image theory [5] . The location of the metal loading is determined by the internal field distribution of resonant modes [10] , [11] . Based on the image theory, the size of DRAs is reduced to one half or even one quarter [4] , [5] . To reduce metallic loss, dielectric loading is applied for the same purpose. HiK patches are used as perfect magnetic conductors (PMCs) [5] to reduce antenna dimension. However, these patches, or so-called dense dielectric patches (DDPs) [12] can also function as PECs. DDP antennas (DDPAs) show similar properties to microstrip patch antennas (MPAs). In some other cases, HiK loading is considered as a way to increase the effective dielectric constant of a DRA [13] . Compared to metal-loaded DRAs, these dielectric-loaded ones do not suffer from unwanted ohmic dissipation which increases drastically as the operating frequency goes up [1] - [5] .
The studies above are all based on flat-bottomed dielectric blocks placed on planar surface. As for nonplanar platforms, a conformal antenna is preferred, as it has intrinsically lower profile and compact size [14] . Besides, it also owns extra mechanical superiority when applied in airborne, astronautic, and military equipment [15] . As to wearable electronic devices, conformal antennas enjoy convenience, comfort, and aesthetic appearance. MPAs made of electrical textile or conductive solution prevail in this field [16] . With developed manufacturing technologies [8] , [17] , [18] , DRAs should also take a place. Nevertheless, since the basic theory and application scenario of DRAs are both based on flat plane, research on conformal DRAs [19] - [25] is not yet complete. In [26] , we proposed the incipient analysis on arcshaped DRAs with conformal ground. However, the role of the curving ground in antenna size reduction was not discussed. The miniaturizing method was not mentioned, either, which limits the design and application of these DRAs.
In this paper, miniaturized arc DRAs with different loading structures are investigated. The size-reduction effect of curving metal ground is studied theoretically. For lateral metal loading, its influence on radiation patterns is exploited to achieve multifunctional loading effects. Two compact DRAs having the same size but distinct radiated beams are designed. Then, to eliminate the metallic structure at the field concentration surface, the metal plate is replaced by a DDP. Its reflection characteristics are theoretically analyzed based on the electromagnetic theory in layered media, and waveguide-based simulation methods. Functioning as a PEC plate, the lateral Hik dielectric loading reduces the DRA size to approximately one half. As validation, antenna performances of the DDP-and metal-loaded arc DRA are compared.
II. EFFECT OF METAL LOADING
In this section, the miniaturizing effect of curving metal ground is analyzed, and compared with that of traditional flat ground. Then, characteristics of z-directional metal loading are discussed. Since its size-reduction effect is well known, we focus on its influence on the radiation performance, based on which two miniaturized arc DRAs with a wide broadside beam and a squint directional one, respectively, are proposed.
A. MINIATURIZING EFFECT OF CURVING GROUND
An arc-shaped conformal DRA is shown in Fig. 1 (a (TE z ) ones [26] . The subscript represents ϕ-, r-, and zdirection in order. The mode number denotes the order of the solution of eigenvalue equations. δ (∈(0,1)) indicates the leakage at z-directional boundaries. Their resonant frequency is obtained by (1) [26] , where J m (x) and Y m (x) are Bessel functions of the first and second kind; and k 0 is the wavenumber in free space. As is well known, for traditional DRAs on flat ground, their size is usually reduced to approximately one half of the original dielectric blocks [1]- [5] . However, for an arc DRA in Fig. 1 , the image theory for an infinitely large flat perfect electrical conductor (PEC) ground is not suitable. 
Dielectric waveguide models (DWMs) are widely used in DRA analysis [1] to study transverse resonance. Since the miniaturizing effect of the curving ground mainly affects the r-directional antenna size, two z-directional waveguide models are applied to demonstrate this effect, as shown in Fig. 2 . According to the first-order approximation [2] for DRAs, the air-dielectric interfaces are assumed as perfect magnetic conductors (PMCs). In order to let the two equivalent waveguides have the same transverse wavenumber and longitudinal propagation constant, their eigenvalue equations are set as (2) . The effective dimensions are calculated and presented in TABLE 1. The size-reduction effect of the curving ground is different from that of a flat PEC. Neither does it obey the image theory for circular PEC boundary under static condition. It depends on not only the waveguide dimension, but also the order of the Bessel functions, m. 
B. LATERAL METAL LOADING
An arc DRA working in its E z 11δ mode shown in Fig. 3 (a) is taken as an instance to investigate the effect of lateral metal loading. The location of the z-directional metal wall is determined according to the internal field distribution, as seen in Fig. 3 (b) . Based on the image theory [5] , the PEC cuts the DRA size down to one half while retaining its resonant mode. Moreover, the loading effect from the PEC wall shown in Fig. 3 (c) on the radiation pattern is analyzed, as seen in Fig. 4 (a) . Higher walls lead to beam deviation and a radiation null at the loading side.
When the PEC wall has the same height as the DRA does, the radiated beam is slightly deviated. However, when the wall becomes higher, the beam is reflected towards −z direction. This squint beam is mainly due to the induced current on the metal wall, as shown in Fig. 4 (b) . The bidirectional horizontal current cancels each other, while the vertical one radiates a squint beam due to the finite-sized ground [27] . The radiation mechanism of the whole antenna is illustrated in Fig. 5 through the superposition principle. The DRA and metal wall are regarded as z-directional magnetic current and x-directional electric current, respectively. Therefore, flexible radiation patterns can be achieved by simply varying the dimensions of the PEC wall and metal ground.
Based on the above analysis, two compact arc DRAs operating around 6.3 GHz with distinct radiation characteristics are obtained. The first one owns a PEC wall having the same height as that of the antenna (h_m = d = 4 mm). It radiates a wide broadside beam with a 3-dB beamwidth of 170 degree, as presented in Fig. 4 (a) . The second one has a metal wall with a height of one quarter of the free-space wavelength (12 mm) at working frequency (6.3 GHz). It functions like a hybrid antenna composed of a magnetic dipole (DRA) and an electrical monopole (Metal wall). Therefore, a narrower sidewise beam with a beamwidth of 97 degree is obtained, as seen in Fig. 4. (a) .
As for the ϕ-directional loading and H z 11δ mode, the mechanism is quite similar. Hence, they will not be discussed for brevity. 
III. EFFECT OF DIELECTRIC LOADING
As seen in Fig. 4 (c) , the internal field concentrates at the loading surface, implying increasing metallic dissipation as frequency goes up [1]- [5] . Because one of the most desirable merits of DRAs is the elimination of ohmic loss, using metal loading at the field hotspot is not preferred. Thus, a DDP functioning still like a PEC wall is designed to replace the metal plate.
A. THEORETICAL ANALYSIS
Though HiK blocks have been used as compact antennas, and dielectric loading to miniaturize DRAs, they are rarely considered as PEC loading. Besides, the working mechanism of DDPs remains controversial. In existed literatures, the function of DDPs are divided into three types based on working principles.
Type A: Thick slabs with moderate dielectric constant reduce the volume of DRAs by functioning as part of the resonant dielectric antenna and increasing the effective dielectric constant [1]- [4] . Since the dielectric loading and the original DRA are regarded as a whole, their overall dielectric constant is approximated by the static capacitance model [28] .
Type B: DDPs were regarded as perfect magnetic conductor (PMC) surface in [13] , [29] , [30] . They slightly miniaturize the DRA by suppressing the leaking wave near the original air-dielectric interface, and confining electromagnetic field within the DRA. A capacitance-model-based analytical method was developed for this type of DDPs [13] .
Type C: When placed on air or low-dielectric-constant substrate, a thin DDP can work like a PEC plate [12] , [31] , [32] . This phenomenon was initially presented in [12] where DDPAs were first proposed, and compared with traditional MPAs. However, theoretical analysis on them is rare.
Type A is widely applied and studied in literatures involving stacked and layered DRAs. Nevertheless, for Type B and Type C, researchers analyze them from different perspectives-regarding DDPs either as PMC or PEC surface. By resorting to the electromagnetic theory in layered media [33] , the mechanism of DDPs here is analyzed from a new perspective.
First, a multilayer model in Fig. 6 (a) is applied to demonstrate the loading effect of the DDP in Fig. 6 (b) . It simplifies the transverse boundary problem so that the longitudinal one is readily solved. This method is widely used in DRA analysis [1]- [5] . In Fig. 6 (a) , the media are assumed to be infinitely large in x-and y-directions. Then, the reflection coefficient at the interface of the first two media has a rigorous analytical solution based on the electromagnetic theory in layered media [33] , as presented in (3).
where Z 0 and k 0 are the wave impedance and wavenumber in free space, respectively; θ i and θ t are the incident and refractive angle at the interface of the first two media.
As is well known, wave impedance in homogeneous media is defined as Z c = √ µ/ε. Because magnetic dielectric is not of interest here, the impedance is mainly affected by the dielectric constant. According to the theory of artificial magnetic conductor (AMC) [34] , reflection characteristics of high-impedance interface and PMC are alike. Likewise, when plane waves impinge low-impedance boundary, the reflection characteristic is similar with that of a PEC.
Under normal incidence, the reflection coefficient of a DDP (ε r = 92) is calculated, as seen in Fig. 7 (a) . The reflection coefficient under oblique incidence is also computed, as presented in Fig. 7 (b) . The reflection characteristics for both TM and TE waves resemble those of a PEC wall (R TE → −1, R TM →1) within a wide range of incident angle. These results indicate that with elaborate design, a DDP can function like a PEC wall [12] , [31] , [32] , and reduce the DRA size to one half.
In contrast, when electromagnetic waves are not mostly reflected, or get reflected with different reflection phase, at the DRA-DDP interface cannot work as a PEC wall. The electromagnetic energy is confined mainly by the airdielectric border [1]- [5] . As a result, the DDP may work like a PMC [13] , [29] , [30] . On this condition, the DDP and the DRA can be regarded as an effective homogeneous dielectric block. Its effective volume and dielectric constant is then obtained by static capacitance models [13] , [28] in multiple forms.
Based on the above discussion, it is inferred that the function of the DDP is affected by many factors. For instance, 1) the ratio of dielectric constant of the two part matters a lot. A water (ε r2 ∼80) patch on air (ε r1 ∼1) substrate was compared with MPAs in [12] . Whereas, the ceramic patches on DRA (ε r2 /ε r1 = 10 − 20) [29] , [30] were sometimes considered as PMC-like top covers. Then, 2) the thickness of the DDP affects the reflection coefficient considerably, as illustrated in Fig. 7 (a) . Meanwhile, 3) the location of the DDP influences its function. A DDP away from the mirror plane cannot work as a PEC. Besides, if 4) a DDP is in resonance at certain frequency, the coupling coefficient will drastically change [1]- [4] . 
B. VALIDATION BY SIMULATION
Though it has been proved that a DDP can work as PEC, a latent problem still exists. As mentioned before, the model in Fig. 6 (a) ignores the transverse resonance. However, as a semi-confined dielectric block, the DDP itself resonates just as the DRA does.
To analyze the reflection characteristic of an actual DDP, two standard methods, Mod A and Mod B, for design of metasurfaces [34] , [35] are applied, as shown in Fig. 8 . They use waveguide-like models and the ''deembed'' function in the software to analyze reflection and transmission characteristics. The inserted DDP has the thickness l 2 and relative dielectric constant ε r2 . Simulation results are presented in Fig. 9 .
In Mod A, the DDP is assumed infinitely large because of the periodic boundary condition. It is found that with this thin HiK ceramic (ε r = 92) patch, the input energy is reflected, no matter the E-Field direction is parallel to the DDP or not. As shown in Fig. 9 (a) , the reflection phase remains 0 deg and −180 deg for TM and TE incidence respectively. In Mod B, plane waves are enforced due to the boundary setting. Two DDPs with finite size show the resonant characteristics seen in Fig. 9 (b)-(c) . This phenomenon will be further discussed through the DDP-loaded DRA in the next subsection. As the dimension and dielectric constant of the DDP vary, its resonant characteristics change. Nevertheless, at non-resonant frequency, the reflection phase stays 180 deg. Still, it resembles PEC surface. From the theoretical analysis and simulation results, it is concluded that when the dielectric constant and dimension of a DDP are elaborately designed, a non-resonant HiK DDP is able to work like PEC surface.
C. VALIDATION BY ANTENNA PROTOTYPES
A compact arc-shaped DRA with DDP loading working as PEC is proposed, as shown in Fig. 10 and TABLE 2. It utilizes HiK patch (BST film [13] , ε r = 400. ε r2 /ε r1 = 40.4) at z-direction to achieve compact volume. The internal field and radiation pattern of the antenna are presented in Fig. 11 . It is obvious that the arc DRA still works in its E z 11δ mode presented in Fig. 3 (a) and (b) . Moreover, the metal-and DDP-loaded arc DRAs have adjacent resonant frequencies, 6.3 GHz and 6.4 GHz. Their radiation patterns are also alike, as seen in Fig. 11 (b) (c) .
The DDP resonance presented in the last subsection is observed, as seen in Fig. 12 . The DDP is densely meshed inside and on surface to ensure precision, as shown in Fig. 13 (a) . In Fig. 12 , the first figure shows that the DRA is the main resonant structure, whereas the other three describe different higher-order modes of the DDP at adjacent frequencies seen in Fig. 13 (b) . It is obvious that when DDP is at resonance, the field will concentrate in the HiK part, and the input characteristic varies drastically, resulting in the discontinuities in Fig. 13 (b) . When the BST film is replaced by a ceramic patch (ε r = 92. ε r2 /ε r1 = 9.4) to eliminate the DDP resonance in the working band, the same internal field distribution in Fig. 11 (a) and (d) is observed, indicating that the DDP still works like a PEC. However, the resonant frequency is slightly higher because of the weaker reflection effect.
IV. FABRICATION AND MEASUREMENT
One bare [26] and one metal-loaded prototypes having the same dimension and operating mode were fabricated and measured, as shown in Fig. 14 (a)-(d) . The DRA and substrate are made of ceramic material ( ε r = 9.9, tanδ = 0.00015) and FR4 (ε r = 4.4, tanδ = 0.02), respectively. Their detailed configurations are illustrated in Fig. 10 and Table 2 . Simulation and measurement results are presented in Fig. 14 (e) -(g). Because the data of the bare DRA have been exhibited in [26] , they will not be included here for brevity.
As seen in TABLE 2, Fig. 13 (b) , and Fig. 14 (e) , the DRAs with metal or DDP loading have adjacent resonant frequency. Similar radiation patterns are also observed, as presented in Fig. 11 (b) and (c), and Fig. 14 (f) and (g) . These results all imply that the DDP here works like a metal plate, again. The metal-loaded DRA has a resonant frequency 1.24 GHz (16.5%) lower than that of the bare one, as shown in Table 2 , which indicates the miniaturizing effect of the loading. The maximum gain is 4 dB, appearing at 6.3 GHz. The compact DRA has a smaller gain because of beam variation.
V. CONCLUSION
Miniaturizing theory of an arc-shaped conformal DRA employing metal and DDP loading has been investigated from novel perspectives. The miniaturizing effect of conformal ground has been theoretically analyzed and compared with that of the flat one. It has been found that the influence of the curving ground does not obey the image theory for flat or circular PECs under static condition. Then, the influence of lateral metal loading on radiation patterns has been analyzed, based on which two compact arc DRAs with different radiation characteristics have been proposed.
Next, in order to eliminate potential metallic loss caused by the metal loading at the field hotspot, DDP loading has been studied through the electromagnetic theory in layered media, and waveguide-type simulation models. A DDP has then been designed as quasi-PEC loading to reduce the DRA size to one half.
This research extends the loading-based miniaturizing theory of arc DRAs, which facilitates their applications in conformal, wearable, and flexible wireless devices. 
